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PREFACE
This volume was prepared by the Thermophysical and Electronic Properties
Information Analysis Center (TEPIAC), a DOD Information Analysis Center operated
by the Center for Information and Numerical Data Analysis and Synthesis (CINDAS),
Purdue University, West Lafayette, Indiana.

The overall program is aimed at providing data and information on all the important
thermophysical properties of twenty-seven selected aerospace materials, This Part I
contains data and information on thermal radiative properties only. Other parts are in

preparation to cover other thermophysical properties,

Because of the extensive scope and highly specialized nature of the work, the
staff who contributed to this volume were drawn not only from TEPIAC but also from
other CINDAS programs, The following key personnel comprised the team responsible
for the authorship (including data compilation, evaluation, and generation of recommended
values) of the sections on the various selected materials: Mr. M. W. Johnson ( Aluminum
Alloy 2024), Dr. P, D, Desai (Aluminum Alloy 7075 and Titanium Alloy Ti-6Al-4V}),
Mr. T. Y. R. Lee (AISI 304 Stainless Steel), Dr. R. A, Matula (Aluminum oxide, boron
nitride, calcium aluminum silicate, magnesium fluoride, Pyroceram, and vitreous silica}),
Mr. T. N. Havill (silicon), Dr. K. Y, Wu (silicon carbide), Dr. T. C. Chi (silicon
nitride, acrylic resins, Lucite, polycarbonate plastics, and silicone resins), and Dr,
H. H, Li (aluminized grafoil, boron fiber aluminum matrix composite, graphite fiber
aluminum matrix composite, boron fiber epoxy composite, glass fiber epoxy composite,
and graphite fiber epoxy composite). The Scientific Documentation Division of TEPIAC

provided the in-depth search of the literature supplemental to its basic coverage,

We wish to take this opportunity to ackniowledge the assistance provided by many
of our friends both in governmental laboratories and in industry. In most cases this
assistance has taken the form of providing reports or papers not readily available,

It is hoped that the present volume will prove useful to a large technical community
as it provides a wealth of knowledge heretofore unknown or inaccessible to many. In
particular, it is felt that the critical evaluation, analysis and reference data recommenda-

tion, whenever possible, constitute perhaps the most unique aspect of this work.

In putting a volume of this magnitude together it is nearly impossible to avoid
some errors and omissions. It is hoped that we were able to keep these to a minimum,
The editors and contributors would be most grateful if those who use this volume bring
to their attention any additional known data or any possible errors that might have been
inadvertently committed.

Y. S. TOULOUKIAN

Director of CINDAS

Distinguished Atkins Professor of
May 1976 Engineering
West Lafayette, IN 47906 Purdue University
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SUMMARY

This volume presents the mort comprehensively compiled experimental data and
the critically evaluated and recommended values for the thermal radiative properties
(hemispherical, normal, angular) spectral emittance, reflectance, absorptance, and
transmittance of twenty-seven selected aircraft/spacecraft structural materials of tech-

nological interest.

Each subproperty is treated with respect to both wavelength and temperature
dependences whenever possible. In the compilation of experimental data, all available
data covering from the photographic region of the spectrum up to 100 ym are included.
The recommended values resulting from critical evaluation, analysis, and synthesis
of the availahle data and information cover the wavelength range of present interest from
visible region (below 1 ym) to the infrared of 15 ym, if possible, Furthermore, the
recommended values as a function of temperature are given for four particularly useful

wavelengths (whenever possible): 2.8 ym, 3.8 ym, 5.0 ym, and 10. 6 ym.

The experirental data and the recommended values for each dependence of each
subproperty of each material are presented in both tabular and graphical forms, together
with a discussion text and a specification table. The former reviews and discusses the
available data and information, the theoretical guidelines and other factors on which the
critical evaluation, analysis, and synthesis of data are based, and the considerations
involved in arriving at the final assessment and recommendations, and the latter gives
the information on the specimen characterization and measurement method and condition

for each set of experimental data.

In order to enable the user to fully utilize and properly interpret the data and
information presented in this reference work and also to enhance the usefulness of the
data themselves, the theoretical background of thermal radiative properties is given at
the beginning of the volume. Since most of the selected materials are not well known,
a concise description of each of the materials is given at the beginning of each of the

subsections.

The material and property coverage of this volume is summarized in the table
entitled '"Page Index to Materials and Properties' which appears on the next page.
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1. INTRODUCTION

This reference work presents the most comprehensively compiled experimental
data and the critically evaluated and recommended values on the thermal radiative prop-

erties of twenty-seven selected aircraft/spacecraft structural materials.

The twenty-seven specific materials and generic groups of materials covered

are the following:

1. Metals

(1) Aluminum Alloy 2024

(2) Aluminum Alloy 7075

(3) AISI 304 Stainless Steel
(4) Titanium Alloy Ti-6A1-4V
(5) Hadfield Manganese Steel

2. Dome Materials

(6) Aluminum oxide (Wesgo Al-300)
(7) Boron nitride
(8) Calcium aluminum silicate (Corning 9753)
(9) Magnesium fluoride (Kodak IRTRAN 1)
(10) Pyroceram (Corning 9606)
(11) Silica (vitreous)
(12) Silicon
(13) Silicon carbide
(14) Silicon nitride

3. Transparent Materials

(15) Acrylic resins
(16) Lucite

(17) Polycarbonate plastics

(18) Polyphenylquinoxaline
(19) Silicone resins

4, Composites

(20) Aluminized grafoil

(21) Boron fiber aluminum matrix composite
(22) Graphite fiber aluminum matrix composite
(23) Boron fiber epoxy composite

(24) Glass fiber epoxy composite

(25) Graphite fiber epoxy composite

(26) Silicon nitride with chopped graphite fiber
(27) Silicon nitride with vitreous silica

Melting Point (K)

775-911
750-911
1670-1727
1803-1908
1470-1480

2315-2320
3273(sublimation)
1723-1773

1528

1623 (softening)
1950-2000

1687

>2400(sublimation)

2200(dissociation)

277-511(softening)

397 (softening)
520(decomposition)
430(softening
580(decomposition)
780-830(decomposition)
473-873(thermal degradation)

933.52(M, P, o Al)
933.52(M. P. of Al)
933.52(M. P. of Al)
590( epoxy decomposition)
590( epoxy decomposition)
590(epoxy decomposition)

The thermal radiative properties covered include the four prime properties:

emittance, reflectance, absorptance, and transmittance. Additionally, each of the



prime properties are divided into three subproperties: hemispherical spectral, normal
spectral, and angular spectral, and each subproperty is treated with respect tv both

wavelength and temperature dependences, wherever possible,

In the compilation of experimental data, all available data covering from the
photographic region of the spectrum up to 100 um are included. The recommended val-
ues resulting from critical evaluation, analysis, and synthesis of the available data and
information cover the wavelength range of present interest from visible region (below
1 ym) tothe infrared of 15 um, if ,ossible, Furthermore, the recommended values
as a function of temperature are given for four particularly useful wavelengths (when-

ever possible); namely: 2.8, 3.8, 5.0, and 10.6 um,

In order to enable the user to fully utilize and properly interpret the data and
information presented in this report and also to enhance the usefulness of the data them-
selves, Section 2 provides the theoretical background of thermal radiative properties,
which is believed useful. In Section 3 the procedure for data evaluation and the gener-
ation of recommended values is briefly outlined. The original experimental data and the
critically evaluated and recommended values in both tabular and graphical forms for
the various subproperties of the selected materials are given in Section 4, together with
a discussion text and a table on measurement information, The discussion text reviews
and discusses the available data and information, the theoretical guidelines and other
factors on which the critical evaluation, analysis, and synthesis of data are based, and
the considerations involved in arriving at the final assessment and recommendations.

In this discussion text the accuracy or uncertainty of the recommended values is also
stated. The table on measurement information contains the information on the specimen
characterization and measurement method and condition for each set of experimental data,
Since most of the selected materials are not well known, a concise description of each

of the materials is given at the beginning of each of the subsections in Section 4, The
complete bibliographic citations for the 332 references are given in Section 5.



2. THEORETICAL BACKGROUND*

2.1. General Remarks

The purpose of this section is to briefly explain the theoretical background that
is helpful in understanding thermal radiative properties and the material presented in
this report.

When light or other forms of electromagnetic radiation is incident on a material,
three things can happen: the light is reflected, the light is absorbed, or the light is trans-
mitted. Materials in general exhilbit selective reflectance, absorptance, and transmit-
tance, which means that the reflectance, absorptance, and transmittance vary with the
wavelength of the incident light. For example, if the fraction of the incident light or
radiative energy transmitted is plotted against wavelength, it would show peaks and val-
leys. What is the significance of peaks in a transmittance curve as a function of wave-
length? When looking through a piece of blue glass which is illuminated by white light,
it would appear blue to an observer. This means that the blue light with its character-
istic wavelengths passes through the material and is not absorbed. Red glass which is
illuminated by white light will appear red to an observer meaning that the red light with
its characteristic wavelengths is not absorbed and passes through the glass with little
loss in intensity. Thus, as a generalization, it can be stated that the wavelengths of
light that are transmitted by a material are those wavelengths at which the light is not
selectively absorbed by the material. This generalization holds not only for visible light
but also for thermal radiation. The peaks or high values of transmittance correspond
to the thermal radiation which is not absorbed at those particular wavelengths and the
valleys or low values of transmittance correspond to the thermal radiation which is ab-
sorbed at those particular wavelengths. What physically occurs when light or thermal
radiation at certain wavelengths is absorbed? A material is made up of a large number
of atoms and/or molecules. These atoms or molecules can undergo various kinds of
motion or changes in condition by excitation with light or other electromagnetic radiation
of certain wavelengths. When the wavelength of the incident radiation is the same as
the wavelength necessary to excite various kinds of motion or changes in condition, the
atoms or molecules absorb the radiation of those wavelengths and the remaining radiation
with other wavelengths is transmitted through the material.

Radiation is one of the three fundamental means of heat transfer, the others being
conduction and convection. Radiation differs from the other means in two important -e-
spects: first, 110 medium is required for the transport of energy by radiation, and second,

* For details, see the text in [T61238 and T66579].
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the rate of heat dissipation by radiation varies approximately as the fourth power of the
absolute temperature, whiie that by the other means varies approximately as the first
power of temperature. For these reasons, radiation becomes the dominant means of

heat transfer at high temperatures and in the absence of an atmosphere.

The thermal radiative properties - emittance, reflectance, absorptance, and
transmittance - are the parameters which are descriptive of the energy transported by
means of radiation. The properties can he prescribed in greater detail to account for
the spectral or wavelength conditions and the geometrical or directional conditions in
which the radiant energy interacts with the solid. This interaction can be phenomenol-
ogically described by other properties as well, such as the optical constants, complex
dielectric constant, or propagation factor, each of which is especially convenient for

studying various aspects of the interaction.

There is a marked contrast between the radiative properties of metallic and
nonmetallic solids. The magnitude of the radiative properties of the metallic solid is
determined to a large extent by the surface condition; due to the high absorption index
radiant energy will not travel more than a few hundred angstroms into the metal before
being totally absorbed. As a result, surface roughness, oxide layer formations, struc-
tural defects due to mechanical stresses, etc. can be predominating influences on the
property variations. The nonmetallic or dielectric materials are known to be less sen-
sitive to surface conditions; the absorption and emission processes are '"bulk" or ' volume"
phenomena. This is a consequence of appreciable transparency of the nonmetallic solid

to thermal radiation.

The understanding of the basic mechanism of interaction between radiant energy
and metallic solids is reasonably well developed. The behavior of the metallic solid
is fairly adequately described by the free electron models which indeed are only approx-
ima‘e, but do provide simple and useful tools. The more sophisticated theories, while
still not useful as yet for the prediction of numerical values from structural parameters,
do provide a means for evaluation of experimental data and a basis for developing em-
pirical relations to meet specific conditions. Our understanding of the theory of nonmetal-
lic behavior is less well developed. The simplest model ascribes the nonmetallic behavior
as due to a combination of several tvpee of free electrons and electrons bound to the lat-
tice. The theory is useful for basic understanding of behavior but not tractable for direct
computation of property values., The problem is further complicated by transparency,
scattering phenomena, and temperature gradients within the solid, which can usually
be treated only in a gross or oversimp'ified manner.



In summary, then, pertaining to the principal differences between the metallic
and nonmetallic behaviors, it can be stated that there are two: (1) the contributions
of the transparency of nonmetallic solids giving rise to " volume' effects rather than
"gurface' effects which predominate the behavior of metallic solids, and (2) the lack
of theoretical tools and simplified models for nonmetallic solids as are available for

metallic materials.

2.2. Terminology

In order to understand the many terms and the notation used to desc>ibe thermal
radiation, an explanation of relevant processes, things, quantities, properties, and des-

criptors, etc. is called for.

a. Processes

Radiation. The process by which radiant energy is emitted by a body. This process

is also called emission.

Reflection. The process by which radiant energy incident on a surface or medium leaves
that surface or medium from the incident side.

Transmission. The process by which radiant energy incident on a surface or medium

leaves that surface or medium on a side other than the incident side.

Absorption. The process by which radiant energy is converted into another form of

energy.

Propagation. The process or processes by which radiant energy is transferred from
one region to another region in space.

b. Things

Radiator. A source of radiant energy.

Thermal Radiator. A radiator that emits thermal radiant energy, as a consequence of

its temperature only.

Blackbody. A body or surface that absorbs all of the radiant energy incident upon it,
and emits the maximum possible amount of thermal radiant energy at each fre-
quency for a body at its temperature.

Reflector. A body that reflects incident radiant energy.

Transmitter. A body that transmits incident radiant energy.



Transparent Body. A body that transmits radiant energy directly, without diffusion or
scattering, and has a relatively high transmittance.

Translucent Body. A body that transmits radiant energy principally by diffuse transmis-
sion. Objects are not seen distinctly through such a body.

Absorber. A body that absorbs incident radiant energy.

c. Quantities

Radiant Energy, Q. Energy in the form of electromagnetic waves or photons. Joules,

ergs, or kilowatt-hours.

Thermal Radiant Energy, Q. Radiant energy that is emitted by a thermal radiator.

Radiant Density, W. W =dQ/dV. Radiant energy per unit volume. Joule per cubic meter,

erg per cubic centimeter,

Radiant Flux, ®. & = dQ/dt. Time rate of flow of radiant energy. Erg per second,
watt,

Radiant Intensity, I. I =d$/dw. Flux per unit solid angle from a source. Watt per

steradian.

Radiance, L. L = d®/dw dA cos 8. Flux propagated in a given direction, per unit solid
angle about that direction and per unit area projected normal to the direction.

Exitance, M. M =d®/dA. Flux per unit area leaving a surface.

Irradiance, E. E =d®/dA. Flux per unit area incident on a surface.

d. Properties

Properties ending in '"ance' are properties of real specimens, regardless of
thickness or surface condition., Properties ending in "ivity' are intrinsic properties
of the material of which the specimen is composed, and can only be approached by val-
ues measured on real specimens that have clean optically smooth surfaces and are
opaque.

Reflectance, p. The ratio of reflected flux to incident flux.

Absorptance, a. The ratio of absorbed flux to incident flux.

Transmittance, 7. The ratio of transmitted flux to incident flux.

Internal Transmittance, T. The ratio of the radiant flux reaching the exit surface to

the flux which leaves the entry surface of a transparent body.



Emittance, ¢. The ratio of the radiant exitance of a body at a given temperature to that

of a blackbody radiator at the same temperature.

Reflectivity, p, ps. The reflectance of a specimen that has an optically smooth surface

and is thick enough to be opaque.

Absorptivity, a, a,. The absorptance of a specimen that has an optically smooth sur-

face and is thick enough to be opaque.

Emissivity, €, €x. The emittance of a specimen that has an optically smooth surface

and is thick enough to be opaque.

Reflectance Factor, R. The ratio of the flux reflected by a specimen under specified

conditions of irradiation and viewing to that reflected by the ideal completely re-
flecting, perfectly diffusing surface, identically irradiated and viewed.

For each of the four thermal radiative properties it is necessary to specify the

wavelength conditions and the geometrical conditions applicable to the property.

e. Wavelength Descriptor

The only wavelength descriptor that is applicable to this report is the term
"spectral'. Used as a modifier for a thermal radiative property it means as a function
of wavelength. For example, spectral transmittance means transmittance as a function
of wavelength and is designated as 7()\). Used in the context of a condition, the concept
spectral means for a very narrow band of wavelength and is also referred to as mono-

chromatic.

f. General Geometrical Descriptors

Figure 1 shows the general case of reflection at a surface and indicates the
necessary geometric parameters required to fully describe the incident and reflected
fluxes. The beams representing the incident and viewed flux are described by the zenith
angles for 6 and 6' and by the beam solid angles w and w'. The lengitudinal angles ¢
and $' relate the axes of the beams to each other and some reference line on the spec-
imen; as a practical matter very few measurements so specify this angular descriptor.
It is {he convention in this report to distinguish three sets of general conditions as
follows:

Normal - Conditions for incidence and/or viewing through a solid angle w or w',
normal to the specimen; that is 6 or 8' <15°.



Figure 1. Geometric parameters decocriptive of reflection from a surface. 0 is
the zenith angle, or colatitude, in degrees; ® is the azimuthal angle,
or longitude, in degrees; wis the beam solid angle, in steradians; and
the symbol ! refers to viewing conditions.

Angular - Conditions for incidence and/or viewing through a solid angle
w or w' at some direction specified by 8 or ' > 15°

Hemispherical - Conditions for incidence and/or viewing of flux over a hemispher-
ical region; that is w or ' = 27
The descriptors normal and angular do not fully describe the geometric conditions; w
and/or ' and 8 and 6' must be provided to fully specify the geometry.

g. Present Classification Scheme

In the classification scheme used in the data section of this report, reflectance,
absorptance, and transmittance subproperties are grouped geometrically by incidence
conditions and emittance is grouped by viewing conditions.

For absorptance, transmittance, and reflectance, hemispherical means the
radiation is incident over a hemisphere, i.e., w = 27, while normal means 6 < 15° and
angular means 6 > 15°. For emittance, hemispherical means w' = 27, normal 6' < 15°,
and angular 6' 215°,

h. Symbolic Representation

The various subproperties are expressed according to the following convention.
The symbols for the four primary properties €, p, o, and T have already been presented.



The geometric (incidence and viewingconditions)and wavelength descriptors, in that
same order, are symbolically represented within the parentheses being separated by
semicolons. The most general case would be (using reflectance as an example):

p(8, P, w; 0', &', w'; )
where the wavelength descriptor, A, used in this report has previously been defined.

As a practical matter not all the designations are always needed and many are
omitted for convenience sake; usually & and &' are not used and, of course, for emittance
and absorptance, the incidence and viewing geometry symbols, respectively, are not

applicable.

It should be noted that for the subproperties of emittance and absorptance, only
one geometric descriptor is required to designate the conditions of viewing and incidence,
respectively. For the subproperties of reflectance and transmittance, two geometric
descriptors are required since both incidence and viewing conditions need to be specified.

2.3. Interrelations Between Thermal Radiative Properties

All matter is continually emitting radiant energy as a result of the thermal
vibration of the particles (electrons, ions, atoms, and molecules) of which it is com-
posed. This process is called thermal radiation, and the radiant energy so emitted is
called thermal radiant energy.

Each solid body is not only continually emitting thermal radiant energy, but it
is also continually being bombarded by radiant energy from its surroundings, some of
which is absorbed. The net rate of heat transfer by radiation to or from the body is equal
to the difference in the rates of emission and absorption. Hence, the properties of the
body that influence these rates are called thermal radiative properties.

Wher a body is irradiated, part of the incident radiant energy is reflected, part
is absorbed, and the rest is transmitted. Nothing else can happen to it. The incident
flux, ‘bi’ is equal to the sum of the reflected flux, o, the absorbed flux, ‘ba’ and the
transmitted flux, d)t:

& =0+, +d, (2.3-1)

This is an example of the Law of Conservation of Energy.

The reflectance, p, is the ratio of reflected flux to incident flux; the absorptance,
o, is the ratio of absorbed flux to incident flux; and the transmittance, 7, is the ratio of
transmitted flux to incident flux. Dividing both side« of eq. (2.3-1) by cbi gives
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l=p+a+T (2.3-2)
For opaque materials, 7 = 0, henze for such materials
p+ra=1 (t=0) (2.3-3)
Kirchhoff's law states that the absorptance is equal to the emittance
Sl (2.3-4)
Thus, for an opagque material
p+e=1 (2.3-5)

and the thermal radiative properties of an opaque body are fully described by either the
reflectance or the emittance. However, there are certain restrictions that apply to egs.
(2.3-2) through (2.3-5). They are restricted by the geometric and wavelength distri-
bution of the reflected and emitted radiant energy. Considering the geometric distribution

only, for opaque specimens
a(8, w) =1-p(6, w; 2m (2.3-6)
where 6, w are the same for o and p, and
€(6', w) =a(6, w) (2.3-7)

where 6 = ' and w = w'. Equation (2.3-6) was derived on the basis of conservation of
energy. Incident radiant energy that is not reflected must be absorbed and eq. (2.3-7)
is a statement of Kirchhoff's law. Equations (2.3-6) and (2.3-7) can be used to convert
one type of data (subproperty) to another. If normal emittance data are not available,
for instance, normal absorptance or normal hemispherical reflectance can be used to

compute the desired values.

The variation of the thermal radiative properties with temperature, wavelength,
and geometric conditions (including polarization) of irradiation and viewing poses certain
restrictions on eqs. (2.3-2) through (2.3-5). For eqgs. (2.3-2) and (2.3-3) to be valid,
a, p, and T must be evaluated under the same conditions, which means that the temper-
ature of the specimen must be the same, and the spectral composition, direction, solid
angle, and degree and direction of polarization of the incident radiant energy must be
identical, and all of the reflected and transmitted radiant energy must be measured.

Kirchhoff's law, eq. (2.3-4), is derived for the condition that the specimen is
irradiated in a blackbody cavity with walls at the same temperature as the specimen,
which means that the specimen is uniformly irradiated over a hemisphere with unpolar-
ized radiant energy having the spectral distribution of that of a blackbody radiator at

———
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the temperature of the specimen. However, it can be proved that eq. (2.3-4) is also

valid for the two conditions: (1) any solid angle less than a hemisphere if the direction
and solid angle of the incident beam for the absorption evaluation is identical to the di-
rection and solid angle (but opposite in sense) of the emitted beam for the emittance
evaluation, and (2) for plane-polarized radiant energy with the plane of polarization at

any given angle to the plane of measurement, provided that it is the same for the incident
radiant energy for the absorption evaluation and the emitted radiant energy for the emit-
tance evaluation. Even with these modifications, eq. (2.3-4) applies strictly only provided
the spectral composition of the incident radiant energy for the absorptance is that of black-
body radiant energy at the temperature of the specimen. This would appear to impose

a severe restriction on the general applicability of eq. (2.3-5). However, it can also

be shown that eq. (2.3-4) applies to any small wavelength band, as well as to total black-
body radiant energy. The properties of reflectance, absorptance, and transmittance

do not vary with the amount of incident radiant energy until very high flux densities are
reached. Within the narrow wavelength band used in measuring spectral thermal radi-
ative properties the spectral distribution of radiant energy from almost an, thermal source
is approximately the saine as that from a blackbody radiator at the temperature of the
specimen, Also, polarization effects are completely absent for normally incident radiant
energy and are negligible at angles near the normal. Hence egs. (2.3-4) and (2. 3-5)

can be considered valid for normal spectral properties and can be used to convert normal

hemispherical reflectance to normal emittance with but little error.

2.4. Fresnel Equations for Specular Reflection

When an electromagnetic wave in vacuum is incident on the plane surface of an
optically homogeneous specimen, interaction of the wave with the material of the spec-
imen will occur. The electrical and magnetic properties of the specimen will be different
from those of the vacuum, and as a result, there may be a change in the direction of
propagation of the wave, its velocity, amplitude, wavelength, and phase, and it may be
separated into two portions, one reflected and one transmitted. The transmitted portion
will be partially or totally absorbed. The only property of the wave that never changes
is its frequency.

Similar changes in the wave will occur whenever it is incident on an interface
between two media of different properties. The changes can be computed from the prop-
erties of the material, or the differences in properties on the two sides of the interface,
and from the direction of propagation of the wave relative to the interface and the direc-
tion of its plane of polarization relative to the plane containing the direction of incidence
and the normal to the interface at the point of incidence.
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The optical properties describe the interaction of an electromagnetic wave with
matter in terms of phase and amplitude, while the thermal radiative properties describe
the energy transfer during the interaction. It is obvious that the two types of properties,
optical and thermal radiative, are related. In some cases the relationships are simple,

One situation in which the relation is not simple is that for the general case of
a wave incident on an interface. By solving the Maxwell equations for the boundary con-
ditions, the Fresnel relations for specular reflection can be derived. The specular
reflectance at the interface (fraction of incident flux reflected in the direction of mirror
reflectance) is given as [see pp. 17 and 18 of A00012]

2 2 _ 2
ps(e) _Q*+ P2-2Qcos 6+ cos’ § (2.4-1)

Q2+ P2+ 2Q cos 6+ cos? 6

Q%+ P? - 2Q sin Htan 6 + sin? H tan® 6

p (6)=p.(6) (2.4-2)
P 8 7 Q2+ P2+ 2Q sin 6 tan 6+ sin? 6 tan? 6
where
1/2
2Q%=[(n? - k? - sin? )2+ 4n%?] + (n? - k? - 8in? ) (2.4-3)
1/2
2P2 = [(n? - k? - sin? 6)2+ 4n%k?] - (n? - k? - sin? 6) (2.4-4)

The angle 6 is the angle between the incident ray and the normal to the interface, Py is
the reflectance for plane-polarized incident radiant energy with its plane of polarization
normal to the plane of incidence (the plane containing the incident ray and the normal
to the interface at the point of incidence), p b is the reflectance for plane-polarized in-
cident radiant energy with its plane of polarization parallel to the plane of incidence,

n is the refractive index, and k is the absorption index.

If the incident radiant energy is completely unpolarized

p(6) =3 [0g(6) + p (O)]. (2.4-5)

For an opaque material the directional absorptance can be found and using
Kirchhoff's law, eq. (2.3-4), the directional emittance can be found for the polarized

components
cs(e) =as(9) =1- ps(e) (2.4-6)
ep(O) =ozp(9) =1 = pp(e) (2.4-7)
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and also for unpolarized light
€(6) =a(8) =1 - p(6) (2.4-8)

The Fresnel egs. (2.4-1) and (2.4-2) have been expressed in terms of n and
k, but the relations are found in various forms in the literature. The simplest case

occurs for normal incidence (6 = 0), where the equations reduce to

0p(0) = pg(0) (2.4-9)

Q=n P=k (2.4-10)

Hence, for radiant energy incident from vacuum or a medium of index of refraction of
1,
= 24 K2
p(o) =£n_1)__k (2.4_11)

(n+ 1)+ K2

2.5. Thermal Radiative Properties of Metals

a. General Behavior

The general behavior of the thermal radiative properties of metals is shown in
Figure 2. For thicknesses greater than several hundred angstroms, metals are opaque,
that is, they show zero transmittance for all wavelengths. The reflectance rises in the
region of 1-2 um to a large value which has a slightly increasing s!ope. The emittance
and absorptance decrease rapidly in the region of 1-2 ym reaching a low value with a
slight negative slope.

b. Classic:l Free-Electron Theory

The theoretical models for ideal metallic surfaces leads to help in predicting

some thermal radiative properties.

The earliest attempts to predict the optical properties of metals were made by
Lorentz, Drude [{T20117], Kronig [A00023], and Mott and Zener [A00022], who assumed
the metal to contain electrons which were essentially free to move under the influence
of the electric field induced by the incident electromagnetic wave. These free electrons
are the valence electrons in the outer shell of the atoms constituting the metal. When
the wave is incident upon its surface, an oscillating electric field parallel to the surface
is induced in the metal and the free electrons will oscillate under the influence of this
field at the frequency of the incident wave. There is a phase difference between the
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Figure 2. Typical behavior of thermal radiative properties of metals.
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oscillation of the electrons and that of the field, caused by a viscous damping force
arising from collisions between accelerated electrons and the atomic lattice. To des-
cribe the optical behavior of the material requires two parameters: the number density
of free electrons, N, being excited by the induced field, and the average time (relaxa-
tion time, T) between collisions of the electron with the atomic lattice. These two
parameters can be estimated from the number of valence electrons per unit volume,
the electrical conductivity and the assumption of a spherical Fermi surface, This ic
called the Drude Free Electron mcdel, and is shown in Table 1 expressing the complex
dielectric constant, K*, as a function of the two parameters N and 7. See the List of

Symbols for the meaning of other symbols.

If the phase change arising from electronic collisions can be neglected, the inodel
describing the optical behavior of the material is greatly simplified. Ttis situation occurs
when the relaxation time is zero or when the time between electronic collisions is much
less than the period of the induced electric field. For this condition, the optical behavior
can be completely described by one material parameter - the dc electrical resistivity,

r. Table 1 presents the resulting model for the complex dielectric constant, labeled

the Simplified Drude Free Electron model.

This simplified model for the optical constants serves as the basis for relations
used to compute the thermal radiative properties of materials from knowledge of the
electrical resistivity (or conductivity) -as a function of temperature. If the appropriate
relation between the complex dielectric constant, K*, and € (0; A) is used with the sim-
plified Drude model, the normal spectral emissivity can be expressed as a function of

the electrical resistivity, r, in the series form

1/2

€(0; \) =0.365(r/\) - 0.0464(r/)\) + ... (2.5-1)

Table 1. Classical Models for the Optical Properties of Metals (MKS Units)

Drude Free Electron., Assumes the 21+ iOUN)
metal contains free electrons which Kt=1- ( A > ) : A = 2MC
are subjected to an oscillating elec- N/ ] :'_—)\/)‘ - L= T /b
tric field and a viscous damping (M) 1rmc2e
force proportional to the velocity N = ]

of the electrons arising from col-
lisions between accelerated electrons
and the atomic lattice.

Simplified Drude Free Electron,
Drude theory valid for long wave- K# = i —A
lengths where currents in the metal =
are in phase with electric field.
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where the units are r(ohm-m) and A(m). This celebrated relation is frequently referred

to as the Hagen-Rubens relation.

From the above ciscussions, the assumptions used to derive this basic model
limit the Hagen-Rubens relation io long wavelengths (usuall; beyond 10 gm) and high
temperatures for metals in which the electronic structure can be approximated by one
class of free electrors as the current carriers. This relationship has found extensive

use in engineering applications.

An equation that can be used for the short wavelength region is developed by
introducing a resonant wavelength into the denominator

1/2

0 n =4 (55) +B'<)\_r>\o)+... (2.
where A' and B' are adjustable parameters. For metals, the resistivity is connected
with temperature as

r=r, [1+8(T-293)] (2.

where r, is the resistivity of the metal at 293 K and 8 is the temperature coefficient of
the resistivity. Alternatively, the resistivity can be connected to the temperature by

means of a power series

r=A"+B' T+C' T?+D' T? (2.

Using eq. (2.5-3) in eq. (2.5-2), the Hagen-Rubens equation becomes

_ 148(T-203)12 . L+8(T-293) 1+ B(T-293)
€(0,)) =A+B X~ % :I +(,[1 X~ ]+D[:

3/2
]

where A, B, C, D, and ), are adjustable parameters. By finding the normal spectral
emittance, the normal spectral absorptance and reflectance can be computed from
Kirchhoff's law, i.e,,

a(0,A) =¢€(0,)) (2.

and then, since = metal is opaque, the reflectance can be found from

(2.

5-2)

5-3)

5-4)

5-5)

5-6)

p(0,2m,)) =1 - a(0,]) (2.5-7)

c¢. Non-Ideal Surfaces

The preceding discussion of the theoretical models used to predict radiative
properties applied to ideal surfaces.
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It has been understood for many years that the surface condition of metallic
specimens plays a dominant role in the magnitude of the radiative properties. The lit-
erature abounds with examples of test surfaces shown to be very sensitive to methods
of preparation, thermal history, and environmental ccnditions. Despite this awareness,
descriptions of test surfaces are generally inadequate because of our modest understand-
ing of the important mechanisms of real surface effects and how to properly characterize

a surface,.

Topographical, chemical, and physical (structural) characteristics all influence
the properties of the metallic surface. The topographical characteristics describe the
profile or gcometry of the surface - the boundary between the material and the surround-
ing medium, The chemical characteristics describe the composition of the surface layer
including such features as inhomogeneities and contaminants. The physical character-
istics describe the structure of the surface such as crystal lattice orientation, particle
size, strain, and other features which might affect the radiant energy exchange process.

To isolate the individual surface characteristics as outlined is a difficult task.
For most materials it is not practical to alter one characteristic without causing an
influence on another. The control of the many variables required to study surface char-
acterization in a logical manner is a complex problem. As a result only the simplest
of surface profiles or compositional effects have been studied or are understood.

The most important influences on the radiative properties of metals arise from
surface roughness and films (oxide growth). The effect is most pronounced on the spec-
tral radiative properties when the characteristic profile variation or film thickness is
of the same order as the wavelength of interest. For some situations a thin dielectric
film has a more significant influence on emittance properties than does surface rough-
ness of the same dimension. These changes in spectral properties are also apparent
as changes in angular distribution of reflected or emitted energy.

The influences of surface characteristics - topographical, chemical, physical -
can be considerably dependent upon the energy spectrum of importance to the radiative
property of interest. For example, the description of a surface for use as a room tem-
perature absorber (5 <\ <40 ym) will be quite different from that for a solar absorber
(0.25 < )\ <4 ym). Also the techniques required to study each will be quite different,

The profiles of real metal surfaces are always shown as irregular patterns of
peaks and valleys. Various parameters are in common use to describe the topography
of a surface including RMS (root mean square) height, CLA (center line average) height,
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lay, average slope, height distribution, etc. [A00021, T36500, A00020]). Such parameters
are obtained primarily from stylus-type profilometers and to some extent from interfer-

ometry techniques.

The effect of surface roughness on the optical properties of materials was first
studied by Lord Rayleigh, but only rec::itly has this problem been of intense interest.
If the size of the irregularities is of the order of the wavelength or larger, the interac-
tion can be deécr}béd by geometrical optics [T33896]. in this case, the facets of the
surfaces reflect in various directions, and tie properties/orientation of the facets must
be described by some statistical process in order to explain the optical behavior of the
surface. If, however, the surface irregularities are much smaller than the wavelength,

the optical behavior can be explained by diffraction phenomena.

The diffraction problem was originally studied by Rice [A00019] and Davies [A00018]
and their work was extended and experimentally verified by Bennett and Porteus [T45929].
Their expression for the relative reflectance ratio of the rough, p, to smooth, p,, sur-

face at nermal incidence is given as
bDI = exp [-(4M0/A) 2] +32m (g/\)* (A6)?/m (2.5-6)

where ¢ is the RMS roughness, m is the RMS slope, and A6 is the half angle of acceptance
of the optical system. The first term represents the coherently or specularly reflected
fraction and the second term the incnherent or diffusely reflected term. The second

term is shown proportional to (g/\)4, and hence for longer wavelengths and smoother

surfaces the first term predominates.

2.6. Thermal Radiative Properties of Nonmetallic Solids

a. General Behavior

The typical behavior for a nonmetallic solid which is transparent with little
scattering is shown in Figure 3. The transmittance rises sharply in the region of 1-2
um to a large constant value and drops sharply towards zero in the 8-9 yum region (the
use of the 1-2 um range and the 8-9 ym range is done only for illustrative purposes).
Since the reflectance is of the order of 10% and decreases slowly in the entire range of
interest, the emittance and absorptiz.. ‘¢ show a behavior as if the transmittance were
rotated 180° about the wavelength axis. The emittance decreases sharply in the 1-2 m
region, stays at a constant but low level and in the 8-9 um region rises sharply to a level
near 1.0,
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Figure 3. Typical behavior of thermal radiative properties of a transparent
non-scattering nonmetallic solid.
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b. Partially Transparent Material - Multiple Reflection Model

The simplest of the models to deal with the partially transparent nonscattering
materials was developed by Z1cMahon [T20468]. The theory is limited to only the passage
of radiant energy normal to the surface but is useful to the very common problem of inter-
pretation of reflectance or transmittance spectra of a partially reflecting slab sample.

Kirchhoff's law in its simplest form relates the spectral emissivity to spectral

reflectivity of an opaque material as
€(A,T) =1 - p(A,T) (2.6-1)

For a body which is partially transparent because of its low absorption coefficient and/or
thickness, Kirchhoff's law cannot be applied directly. Recall that the law derives from
the existence of an energy balance between the emission and absorption of a body in ther-
mal equilibrium within a uniformly heated enclosure. When the body is opaque, the inci-
dent flux is absorbed or reflected. If the body is partially transparent, the incident flux
is absorbed and a significant fraction appears as reflected and transmitted flux after
having undergone many internal reflections. For the general expression of Kirchhoff's
law it is necessary to include the influence of transmittance.

McMahon shows the three measurable quantities emittance, reflectance, and
transmittance are related to the single surface reflectance, R, and the internal trans-
mittance, T, by the following expressions

1-R 1-T(A
¢ =FR0 TO) L

p(A) =R()) [1 + T2 ll-mmz]

1-R2(\) T2(N) (2.6-3)
L 2
() = T()) —=RQU (2.6-4)
[1-R%(X) T%(\)]
The summation of these three equations is unity:
e(d) +p(A) +7()) =1 (2.6-5)

and this expression is the extension of Kirchhoff's law to partially transparent bodies.

Also, the results for ¢, p, and 7 can be understood by considering a collimated
beam of radiant flux incident normally on a semitransparent slab of thickness d and com-
plex index of refraction n*. The incident flux upon first striking the interface is partially
reflected and the balance passes through the interface. The reflected portion
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R is computed from the Fresnel relations for normal incidence conditions

_ (n* -1
R= (——n* =1 (2.6-6)

1t is important to recognize that this reflectance, R, is based upon a single reflection.
The remaining flux that passes through the interface will traverse the thickness of the
slab while being absorbed and eventually reach the back side. In the course of travers-
ing the thickness of the slab, the radiant flux is diminished by a factor e—ad, where a
is the absorption coefficient and d is the specimen thickness. It is convenient to define

the internal transmittance, T, as

ad

T=e (2.6-7)

which is the transmittance (frequently referred to as the transmissivity) within the
material and is not affected by or inclusive of interface influences. Of the original flux
striking the slab, the fraction (1-R)T has reached the near side of the slab upon first
traversing the slab thickness. At this near interface, a fraction R is reflected and the
balance passes through. This process of multiple reflection at the interfaces and tra-
versing of the thickness must be considered to determine the overall transmittance and
reflectance of the slab. Figure 4 represents the multiple processes occurring, giving
the results

2 - 2
p=R[1+IJl7§f] (2.6-8)
1 - RT
- 2
T=T$L_%%] (2.6-9)
1- R’T

In terms of the single surface reflectance, R, absorption coefficient, a, and

thickness, d, the relations are

- 2 -ad

r= R;)_—ezad (2.6-10)
1-Rée
-2ad
= e (1-R)?
p—R[1+ o 2ad :| (2.6-11)
-ad

ceq=t-R (1-¢ ) (2.6-12)

1-Re ™

The above equations hold for k << n where k is the absorption index (a = 4mk/)\).



22

(-RIRT w

o

: '\ - .-T
L | 11=R* Bty
|

(1-R) " HT? *

-

e
r'”-ﬂi (1= T
S— Y
R a0l
\ ey
RT 1.
f1-n, (=T
]
-n'l.'l"'\'
¥ [1-%
I 1ot
p-I.-- R+ (1-RIRT? ¢+ (1-R)IRIT¢ 4, , , = n[x il
1-R*T?

Iy m?
r.n-(x-n)'{ronirhn‘ru. . .}-T-L"‘-
1-R°T?

Figure 4. The reflectivity and transmissivity of a semitransparent slab,

A special case of the eqs. (2.6-10) through (2.6-12) is for the case of zero
absorption (o~ 0). In that case

€e=a=0 (2.6'13)
T= 22“ (2.6-14)
n‘+ 1
- 1)2
p= 1—‘32—1L (2.6-15)
nc+ 1

The extension of eq. (2.6-10) that holds for k not being less than n is [p. 14 of
A00024]

(1-R)ze ™ (1 +-§)

‘r:
1-R? e-2ajd

c. Kodak Scheme

Kodak has a method of calculating absorptance and reflectance from transmittance
and refractive index data [E62600] . The energy impinging on a transparent slab is broken
up into a reflected and transmitted beam. This is continued for three passes and the
components added. The analysis is carried out in terms of the loss value factor, K,
from which reflectance and absorptance are calculated. The value of the loss value factor
in terms of the measured transmittance, T, and the single surface reflectance, R, is
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_1-T-2R(1-R+R?

K (2.6-16)
1 - 2R+ 4R?
and
p=RI[1+(1+%)2(1-R)? (2.6-17)
a=¢€ =K (1 - KR) (2.6-18)

d. Polymers

Pregelhof, Franey, and Haas [T77125] use a one-dimensional model for polycarbonate
plastics, and assuming uniform properties, the emittance ¢ (1), absorptance a(}), trans-
mittance 7()\), and reflectance p()\) of a polymer sheet can be derived as follows.

€)= al)) = (1-R) [(1+R) sinhad + (1-R) (cosh ad-1)] (2.6-19)

(1+R?) sinh ad + (1-R?) cosh ad

(1-R)?
(1+R?) sinh ad + (1-R?) cosh ad

T(A) = (2.6-20)

p(X) _2R [R sinh ad + (1 -R) cosh ad] (2.6-21)

(1+R?) sinh ad+ (1 - R?) cosh ad

where R = (n-1)2/(n+1)? and n is the refractive index, d is the thickness of the sample,
and a is the absorption coefficient.

For the polycarbonate plastic bulk materials, it can be assumed that
e8d 5> RZead (2.6-22)
which enables eqs. (2.6-19) through (2.6-21) to become the following:

ad -2ad

€M) =a(d) =(1-R) [1- (1-R) e ~ -Re ] (2.6-23)
T(\) =(1-R)2 e ™ (2.6-24)
p(X) =R [1+(1-2R) e'2ad] (2.6-25)

In a wavelength region when the material becomes opaque, i.e., T =0, the
absorptance can be obtained from

a(A) =(1-R)
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3. DATA EVALUATION AND GENERATION OF RECOMMENDED VALUES

As a result of comprehensiv:: search of litcrature, numerous research documents
of interest to this program are uncovered. These documents are procured and studied,
from which pertinent data are extracted, scrutinized, organized, key-punched, homo-
geneously tabulated, and plotted in huge working graphs readied for data analysis and
synthesis. The information on specimen characterization and measurement methods
and conditions is recorded in a table specially designed for recording measurement in-
formation, which includes (to the extent provided in the original source document) the
following:

(1) Purity, chemical composition, dopant concentration, carrier concentration,
defect concentration.

(2) Type of crystal, crystal axis orientation.

(3) Microsiructure, grain size, inhomogeneity, additional phases.

(4) Specimen shape and dimensions,

(5) Method and procedure of fabrication.

(6) Manufacturer and supplier, stock number, catalog number.

(7) Heat, mechanical, irradiative, and other treatments.

(8) Surface conditions.

(9) Film thickness and substrate material.

(10) Test environment, degree of vacuum or pressure,

(11) Experimental method used in the measurement.

(12) Reference standard used in data observation or reduction.

(13) Form in which data are presented in the original source document other
than tabular data.

(14) Other pertinent remarks.

Due to the difficulties in accurate measurement of thermal radiative properties
of materials and in exact characterization of test specimens and surface conditions, the
available experimental data extracted from various research documents are usually widely
divergent and subject to large uncertainty. Data evaluation and analysis is therefore
very important. The procedure involves critical evaluation of the validity and reliability
of the data and related information, resolution and reconciliation of disagreements in
conflicting data, correlation of data in terms of various controlling parameters, curve
fitting with theoretical or empirical equations, comparison of resuits with theoretical
predictions or with results derived from theoretical relationships or from guneralized
empirical correlations, etc. Besides critical evaluation and analysis of existing data,



25

theoretical methods and semiempirical techniques are employed to fill data gaps and
to synthesize fragmentary data so that the resulting recommended values are internally
consistent and cover as wide a range of wavelength or temperature as possible.

Depending upon the level of confidence the data analyst has placed on the values
and upon the degree of completeness of characterization of the test material and surface
conditions for which the values are generated, the values are designated as "recommended
values", "provisional values", or "typical values". In this report, all the values gener-
ated have been properly designated, and the accuracy or uncertainty of the values clearly
stated.

P
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4. THERMAL RADIATIVE PROPERTIES OF SELECTED MATERIALS

In each of the following subsections the thermal radiative property date and
information for each dependence of each subproperty of each material are presented in
the following order: (1) discussion text, (2) table of recommended values, (3) figure
of recommended curves, (4) figure of experimental data, (5) table of measurement in-

formation, and (6) table of experimental data.

In the discussion text, a review and discussion of the available data and information
for the particular dependence of the particular subproperty of the material is given, to-
gether with a discussion of the theoretical guidelines and other factors on which the critical
evaluation, analysis, and synthesis are based and of the considerations involved in arriv-

ing at the final assessment and recommendations.

In the table of recommended values, the values are tabulated with small increments
in temperature or wavelength so that linear interpolation of values is meaningful. The
recommended values cover the spectrum from visible region (below 1 ym) up to the in-
frared of 15 ym, whenever possible. Those values as a function of temperature are,
whenever possible, tabulated for four particular gas-laser wavelengths: 2.8 um (hydro-
gen fluoride laser), 3.8 um (deuterium fluoride laser), 5.0 ym (carbon monoxide laser),
and 10.6 um (carbon dioxide laser). The values may be designated as recommended,
provisional, or iypical values. The accuracy or uncertainty of the values is stated in
the discussion text. In this report, the ranges of uncertainties of recommended, pro-
visional, and typical values are less than +15%, between +15% and + 30%, and greater
than  30%, respectively.

In the figure of recommended curves, experimental data (sometimes selected)
are also shown as background for comparison. Tle curves and data are plotted only
up to 14 ym, even though the recommended values or available experimental data may
exist above 14 ym. Those values or data above 14 ym not shown in the figure can always
be found in the table,

In the figure of experimental data, similarly, data in the wavelength range above
14 ym are not shown. They are, however, tabulated in the experimental data table.
Corresponding to each set of data plotted in the figure and tabulated in the experimental
data table, the information on the specimen characterization and measurement method
and condition is given in the table of measurement information,

Since most of the selected materials are not well known, a concise description
of each of the materials is given at the beginning of each of the subsections.
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4.1. Aluminum Alloy 2024

Aluminum Alloy 2024, formerly known as Aluminum Alloy 24S, is a wrought alloy
with copper as the principal alloying element. Its nominal composition [A00005] is (by
weight) 4.5% Cu, 1.5% Mg, 0.6% Mn, and balance Al.

Some physical [T15906] and mechanical properties [A00006] of this material are
as follows: solidus temperature, 775 K; liquidus temperature, 911 K; specific gravity,
2.77; tensile (ultimate) strength, 19.0-51.0 kg/mm?; Brinell hardness number (500
kg load, 19 mm ball), 47-130. These properties vary over a wide range due to differ-

ences in applied heat treatments.

In the heat treated condition, the mechanical properties of this alloy are similar
to, and sometimes exceed, those of mild steel. This heat treatment is specified by a
letter "T" after the 2024 designation. The "T", followed by the numerals 1-10, inclu-
sive, designates one specific combination of basic treatments, thus Aluminum Alloy 2024-T4.
Briefly, these heat treatments are broken down as follows [A00006] :

T1 - cooled from an elevated temperature shaping process and naturally aged

to a substantially stable condition.

T2 - annealed (cast products only)

T3 - solution heat-treated and then cold worked

T4 - solution heat-treated and naturally aged to a substantially stable condition

T5 - cooled from an elevated temperature shaping process and then artificially
aged

T6 - solution heat-treated and then artificially aged

T7 - solution heat-treated and then stabilized

T8 - solution heat-treated, cold worked, and then artificially aged

T9 - solution heat-treated, artificially aged, and then cold worked

T10 - cooled from an elevated temperature shaping process, artificially aged,

and then cold worked.

Each of these thermal treatments [A00005] has a unique effect on the mechanical
properties of the alloy. The symbol does nut define the time and temperature of the ther-
mal treatments; the details of the practice may be varied as desired or convenient if the
end result as expressed by specified mechanical properties is unchanged. Should varia-
tion of the same basic operation be applied to the same alloy, resulting in different char-
acteristics, other digits are added to the basic designation (Aluminum Alloy 2024-T81
or Aluminum Alloy 2024-T851). The second and third numbers in the heat treatment
designation are arbitrary numbers, generally having no logical significance. With the



older nomenclature the specific heat treatments were not catalogued as above. An alloy
may be described as Aluminum 24S-T, where the T only means that the material was

tempered to a stable condition.

This alloy does not have as good corrosion resistance properties as most other
aluminum alloys and under certain conditions may be subjected to intergrannular corro-
sion. Therefore, it is widely used in the clad, anodized, or alodined states. In the clad
|A00006] state the 2024 Aluminum Alioy is protected from corrosion by a thin surface
of pure metal or an alloy with . higher solution potential than Aluminum Alloy 2024.

In this report the term alclad was assumed to have meant the cladding material was pure
aluminum. The anodizing [A00005] process involves forming a conversion coating on
the metal surface by anodic oxidation. Alodining is also a conversion coating, with the
coating being some other type of material such as a phosphate or chromate. These pro-
cesses greatly increase Aluminum Alloy 2024's resistance to corrosion.

In this report data is actually reported for four different types of Aluminum Alloy
2024 for different subproperties. These types are as follows: Aluminum Alloy 2024
(either heat-treated or not heat-treated), alclad Aluminum Alloy 2024, alodined Aluminum
Alloy 2024, and anodized Aluminum Alloy 2024. The provisional values for alclad Alum-
inum Alloy 2024 are from theoretical calculations using the relation discussed in subsection
4.20, based on Eq. (2.5-5), to calculate normal spectral reflectance. The data given
for this alodined Aluminum Alloy 2024 is for a chromate conversion coating applied to
the specimen. So, likewise, the provisional curves for the alodined specimen are for
this same chromate coating. For the anodized specimen, the surface is actually a layer
of aluminum oxide. Therefore, the provisional curves are for this same type of specimen.

No data was located for the following subproperties of aluminum alloy 2024:
HSE(T), NSE(T), ASE()\), ASE(T), HSR(\), HSR(T), NSR(T), ASR(T), HSA(})),
HSA(T), ASA()), and ASA(T).

Data in the data tables also includes data for grooved surfaces of Aluminum Alloy
2024 for the subproperties ASR()) and NSR()). These data points are not plotted but
are included in the report.

Aluminum Alloy 2024 is perhaps the best known and most widely used aircrait
alloy.

a. Normal Spectral Emittance (Wavelength Dependence)

There are seven sets of experimental data available for the wavelength dependence

(0.12-27.0 ym) of the normal spectral emittance of Aluminum Alloy 2024 under various
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surface conditions. These are listed in Table 1-3 and shown in Figures 1-2 and 1-5.

(1) Highly Polished Aluminum Alloy 2024

The recommended values listed in Table 1-1 and shown in Figure 1-1 for highly
polished Aluminum Alloy 2024 were generated from the absorptance data reported by
Schriempf and Wieting [A00003] and are believed to be accurate to + 164 over the entire
wavelength range at 293 K.

(2) Highly Polished Alclad Aluminum Alloy 2024

The recommended values listed in Table 1-1 and shown in Figure 1~3 for highly
polished alclad Aluminum Alloy 2024 were generated with the relation discussed in sub-
section 4, 20, based on Eq. (2.5-5), and are believed accurate to + 104 at the reported
wavelength range at 293 K. These values are consistent with the normal spectral reflec-
tance data of Grimm and Fannin [A00001] on a similar material. Provisional values at
450, 600, and 750 K tabulated in Table 1-1 and shown in Figure 1-3 were calculated with
the relation discussed in subsection 4,20, based on Eq. (2.5-5), and are believed accurate
to + 204 over the entire wavelength region for a highly polished (ideal) surface.

(3) Oxidized Aluminum Alloy 2024

Provisional values at 823 K listed in Teble 1-1 and shown in Figure 1-4 were
generated from the data of Blau, et al. ([T16606] and are believed accurate to + 204 over
the entire wavelength range.
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b. Normal Spectral Emittance (T emperature Dependence)

There are no experimental data located in the literature. The provisional values
tabulated in Table 1-4 and shown in Figure 1-6 were calculated with the relation discussed
in subsection 4. 20, based on Eq. (2.5-5), for highly polished alclad Aluminum Alloy

2024 for wavelengths of 2.8, 3.8, 5.0, and 10.6 ym. These values are believed accurate
to +£20% over the entire wavelength range.
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¢. Angular Spectral Emittance (Wavelength Dependence)

There are no data available fcr this subproperty but the provisional values listed
in Table 1-5 and shown in Figures 1-7, 1-8, and 1-9 for anodized, alodined (6= 15°),
and alodined (6=45° Aluminum Alloy 2024, respectively, were calculated from the angular
spectral reflectance data (see Section4.1.f). These values are believed accurate to + 154
over the entire wavelength range for the anodized and alodined Aluminum Alloy 2024 (8=
15°) materials at 293 K. The provisional values for alodined Aluminum Alloy 2024 (6=45°
are accurate to £20%.

There are several methods which can be used to produce an anodized surface.
The angular spectral emittance can vary widely with the anodizing process, i.e., porous
or hard, secondary treatments such as sealing or dying of the surface layer, and thick-
ness. Most of the authors do not clearly specify the nature of the anodizing process or
surface conditions. So the provisional values reported in Table 1-5 are applicable only
to the sulfuric acid anodized surface. Similarly, there are several alodining processes.
Depending on this process the angular spectral emittance may vary. The provisional
values apply only to the chromate conversion coating used in the references.
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d. Normal Spectral Reflectance (Wavelength Dependence)

There are 47 sets of experimental data available for the wavelength dependence
()= 0.3-25.0 um) of the normal spectral reflectance of Aluminum Alloy 2024 under var-
ious surface conditions. These are listed in Table 1-8 and most of them are shown in
Figure 1-11. There are four sets of experimental data available for wavelength depend-
ence () = 2.0-15.0 ym) of the normal spectral reflectance of polished alclad Aluminum
Alloy 2024 shown in Figure 1-13, Out of the total 47 data sets, 15 sets are for a polished
material, Most of the measurements are for wavelengths between 0, 3-3.0 ym,

(1) Highly Polished Aluminum Alloy 2024

The recommended values at 293 K listed in Table 1-6 and plotted in Figure 1-10
are primarily from the investigation of Schriempf and Wieting [A00003] and are believed
to be accurate to + 104 over the entire wavelength range. These values are consistent

with the normal spectral emittance measurements of the similar material,

(2) Alclad Aluminum Alloy 2024

There are four sets of data for the wavelength dependence (2.0-14,7 um) of the
angular spectral reflectance of alclad Aluminum Alloy 2024, These are shown in Figure
1-13 and listed in Table 1-8. The incident angle reported is 15°. The normal spectral
reflectance values for an ideal aluminum surface calculated using the relation discussed
in subsection 4,20 and based on Eq. (2.5-5) agree extremely well with experimental
results. These recommended values are believed accurate to + 104 over the entire wave-
length range. Tl e provisional values for highly polished alclad Aluminum Alloy 2024
reported at 450, 600, and 750 K shown in Figure 1-12 and listed in Table 1-6, were calcu-
lated from the relation discussed in subsection 4. 20, based on Eq. (2.5-5). These values
are believed accurate to +20%.

(3) Oxidized Aluminum Alloy 2024

The provisional values listed in Table 1~6 and shown in Figure 1-14 are for
oxidized Aluminum Alloy 2024 at 823 K. These values are consistent with the provisional
normal spectral emittance values ( see Section 4.1a). These values are believed accurate
to + 204,
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